A microwave photonics interferometric (MWPI) method for measuring the beat length in high birefringence polarization-maintaining fiber (PMF) is proposed. The approach is based on the radio frequency (RF) interference between the two polarization modes propagating on the polarization axis in the PMF. The period of the RF interference spectral is determined by the optical path difference of the two polarization modes. According to the principle that the phase difference in one free spectral range (FSR) of the interference spectral is 360 degree, the beat length of the PMF can be calculated by recording the RF interference spectral. Two different lengths of PMF have been tested and the measurement results show that the measurement precision is 0.02 mm. The wavelength dependent beat length has also been measured. Furthermore, the measurement precision of this method and the main source of errors are investigated in detail.
Introduction
High birefringence polarization-maintaining fiber (PMF) is widely employed in interferometric fiberoptic sensors and polarization sensitive optical devices for it can maintain the polarization state of the light propagating in the fiber. The polarization maintaining ability of the PMF is determined by the beat length. The beat length is the distance over which the two orthogonally polarized modes differ in the phase by 2π . For some applications, long PMF were used, the nonuniform doping, annealing and internal strain in the manufacturing process would cause the beat length nonuniform along the PMF. Beat length fluctuation along the long PMF will result in polarization random variation and polarization fading in the interferometric systems [1] .
Several methods have been developed to measure the beat length of the PMF in the past decades, including Fabry-Perot optical fiber cavities [2] , optical polarization [3] , Rayleigh scattering [4] , Brillouin optical time-domain reflectometry method [5] , electro-optic, magneto-optic, acousto-optical modulation method [6] , [7] , wavelength sweeping [8] . Brillouin dynamic gating spectral generated by the stimulated Brillouin scatting [9] , Polarimetric fiber ring laser method [10] , Temporal white-light interferometric (WLI) technology [11] and spectral WLI method [12] . All the above methods adopt the optical measurement technology to obtain the beat length. In recent years, the microwave photonics (MWP) technology has raised increasing interest and the MWP using low coherence light (LCL) has been developed to offer significant benefits to LCL measurement system due to the inherent stability of the interference pattern in the radio-frequency (RF) domain [13] . This technique down-coverts the optical interference to RF region to sense the measured parameters, which is far more stable and can achieve a larger dynamic range (DR) with a high measurement resolution [14] . The MWP technique combines the advantages of both the microwave and photonics technique, which enables this technique to be used in optical fiber sensing, optical fiber parameter measurement and so on [15] .
In this paper, a microwave photonics interferometric (MWPI) technique using LCL for beat length measurement of Panda PMF was presented. The method used an analyzer and the two polarization axes of the PMF to construct a RF interferometer and used the microwave interference to obtain the beat length of the PMF under test. When two orthogonally polarization eigenmodes propagate through the PMF with different group velocities due to the mode birefringence, an optical path difference (OPD) will be produced at the output of the PMF. After an analyzer, the two lights propagated on the same axis and were received by a PD whose output was the result of the RF interference between the two lights. A RF diode detector was used to record the interference power. Sweeping the RF frequency can change the interference power which is a periodic spectral characteristic. The frequency period is known as free spectral rang (FSR). The beat length can be calculated by the FSR from the interference spectral. Two different lengths of PMF were tested and the experiment result showed that this method had a high measurement accuracy with the measurement precision of 0.02 mm. The wavelength dependent beat length had been measured also. The measurement accuracy limitations and the factors affecting the measurement precision are investigated. The main sources of errors of the measurement are analyzed in detail.
Theory
The schematic diagram of the beat length measurement system based on the RF interferometer over PMF is shown in Fig. 1 .
A broadband amplified spontaneous emission (ASE) light was injected into an F-P tunable optical filter that adjusted the optical wavelength. The output light from the tunable optical filter was amplified by an EDFA and the amplified light was polarized to be a linear polarization light. The linear polarization light was injected into an electro-optic intensity modulator (EOM). The light is amplitude-modulated by a RF signal from a RF signal generator and the EOM is biased at quadrature point. The amplitude-modulated light from the EOM is launched into the PMF. The output PMF of the EOM is fusion-spliced to the input end of the tested PMF with 45 0 to excite two modes propagating on the slow and fast axis, respectively. After the splice point, two lights propagate in the PMF. An analyzer oriented at 45 0 to the slow axis placed at the output of the tested PMF projects both polarization components onto the same direction. The output light from the analyzer is received by a photodiode (PD). The detected RF signal from the PD is amplified by a low noise amplifier (LNA) and the amplified RF signal is detected by a RF diode detector. The output DC signal from the diode detector passes through a low pass filter (LPF) and digitized by a data acquire circuit (DAQ). The input voltage of the RF signal injected into the EOM can be expressed as
Where V dc and V RF are the DC bias and RF signal voltage, respectively. f m is the frequency of the RF signal. The optical intensity out of the EOM is
Where ϕ(t ) = πV dc /V π + πV RF cos 2π f m /V π is the phase shift induced by the RF signal, κ is the optical loss of the EOM, I 0 is the optical power out of the polarizer, V π is the half-wave voltage of the EOM. After the EOM, two lights propagate in the PMF and the two lights out of the PMF can be expressed as
where φ is the optical phase difference of the two lights propagating on the fast and slow axis of the PMF. φ = 2π f m BL/c, where c is the velocity of the light, L and B are the length and the model birefringence of the PMF under test, respectively. The two lights incident on the PD and the RF power out of the PD is given as
Where R is the load, ρ is the response of the PD, J 1 is the first order Bessel function of the first kind. After being amplified by a LAN, the RF signal is measured by a RF diode detector and its output voltage can be given by
Where ε is the gain coefficient of the LNA, η is the sensitivity of the RF diode detector. The output voltage of the RF diode detector is characterized by period spectral when the RF signal generator sweeps the RF frequency of the output RF signal. In one period of the detected interference spectral, the phase difference is 2π , namely
Where f m1 and f m2 are the RF frequency values of two adjacent valley points in the magnitude response fringe. The beat length L B of the PMF under test can be given as
Where f m is the FSR of the RF interference spectral. Eq. (8) shows that the L B is linear with the optical wavelength λ. We can change the optical wavelength injected into the PMF by adjusting the optical filter to obtain the wavelength dependent beat length parameter. If narrowband light source was used, the two lights out of the analyzer would produce optical interference pattern and cause large fluctuation in the output voltage of the PD.
Experiments and Results
The experimental setup using MWPI technique to measure the beat length of the PMF is shown in Fig. 1 . The central wavelength of the ASE light was 1550 nm, the spectral bandwidth of light source was 42 nm and the output optical power was 13 mW. The output optical spectrum of the F-P tunable optical filter (TF2C5R, supplied by MICRON OPTICS) was approximately following Gauss distribution and the 3 dB width was 0.5 nm. The output power of the EDFA was 17 dBm to compensate the loss of the optical link. The half-wave voltage of the EOM (Oclaro, AM20) was 4.5 V at 1 GHz with the insert loss and bandwidth was 3.4 dB and 20 GHz, respectively. The bias of the EOM was controlled by a circuit module (YYLab, MCB1) at quadrature. The RF signal generator (Agilent, E8257D) was frequency tunable and the frequency range was from 250 KHz to 20 GHz with the frequency precision of 1Hz. The diode detector was a zero-bias Schottky diode with the frequency ranging from 10 MHz to 26.4 GHz (Herotek, DHM265AA) and the input power was from −50 dBm to 20 dBm with the sensitivity of 0.1 mV/μW. The frequency data from the RF signal generator and the voltage value from the DAQ were received and processed by a personal computer. In our measurement, the light intensity received by the PD was 5.6 dBm. In order to improve the noise figure of the measurement system, an LNA1 with gain of 30 dB was chosen to amplify the output RF signal from the signal generator and another LNA2 was used to amplify the signal from the PD with gain of 26 dB. The output RF power from the signal generator is −15 dBm, the gain of the system without the two LNA is −34 dB, the total coax loss was about 2 dB, so the RF power received by the RF diode detector was 5 dBm.
In order to understand the performance of the proposed method, a Panda PMF with the length of 487 m was tested when the central wavelength out of the F-P optical filter was 1550 nm and the interference spectral was recorded by the RF diode detector. Fig. 2 shows the measured interference spectral when the frequency sweep range of the RF signal generator was from 1 GHz to 12 GHz, the frequency sweep point was 11000 and the measurement result is shown in Fig. 2 .
The sensitivity of the RF diode detector, the responsivity of the photodiode and the half-voltage of the EOM is RF dependent, so the peak value of the received spectral will have a 4 dB decrease at high RF frequency if the 3 dB bandwidth of the above devices is 18 GHz. Such frequency response characteristic has no influence on our measurement for the dynamic range in Fig. 2 is as high as 50 dB. It's well-known that the phase difference between adjacent fringe wavelength peaks is 2π and the phase difference is RF frequency independent. The FSR from Fig. 2 is 1. 778 GHz, and the calculated beat length is 4.47 mm. In order to test the accuracy and stability of the measurement method, we measure the beat length ten times when the PMF was 487 m, the measurement mean is 4.49 mm and the standard deviation is 0.02 mm. The measurement result agrees well with the data given by the manufacturer that is 4.4 mm.
Another PMF with 71 m long was also tested and the measurement result was shown in Fig. 3 . The OPD between the two polarization modes in the short PMF was smaller than that of long PMF, so the FSR of the measured interference spectral was lager.
According to the FSR from Fig. 3 , the measured beat length was 4.45 mm. The wavelength dependent beat length of the 487 m PMF was tested by adjusting the output central wavelength of the F-P tunable optical filter, and the result is shown in Fig. 4 . Fig. 4 shows the measurement result of the wavelength dependent of the beat length and the fitting result. The fitting correlation coefficient is 0.9968. The measurement result shows that the beat length is linear with the wavelength which agrees well with the theoretical definition of the beat length. The nonuniformity of the beat length along the PMF may be the main factor that introduce error to the measurement result.
It can be seen from Eq.(8) that the measurement precision of this method was mainly limited by the precision of the FSR and the PMF length. According to Eq.(8), the measurement precision δ(L B ) of the beat length can be determined by the following equation Where δ( f m ) is the FSR measurement precision, δ(L) is the PMF length measurement precision. The minimum beat length measurement precision can be obtained when (λL) 2 2 , in such case, the PMF length can be given as
In our case, the PMF length was measured by an optical frequency domain reflectometry and the measurement precision is 3 mm. The FSR measurement precision is determined by the output voltage fluctuation of the DAQ and the frequency precision of the RF signal generator. The main factor is the former because the frequency precision of the signal generator is as low as 1Hz. The output voltage range of the RF diode detector was from 0 to 0.8 V for the RF power received by the diode detector was about 5 dBm, the voltage absolute accuracy of the DAQ is 0.968 mV when the input voltage range is ±1 V. Under such circumstance, the FSR measurement precision is 1.2 MHz in our measurement. According to the above parameter and Eq.(9), we obtain the relationship between the beat length measurement precision and the PMF length when the beat length is 4.5 mm and the result is shown in Fig. 5 .
From Fig. 5 we know that the beat length measurement precision is lower than 0.03 mm when the PMF length is lower than 5000 m, and the measurement precision error will increase linearly with the PMF length. The maximum RF frequency range of the measurement system was 20 GHz, so the minimum measurable PMF length is 43.5 m obtained by Eq.(8) when the beat length is 4.5 mm.
Performance Analysis and Discussion
In our measurement, the beat length measurement resolution is 0.02 mm which is determined by the FSR accuracy of the RF signal. The FSR accuracy is affected seriously by two factors that are the dynamic range and the noise floor of the measurement system.
The DR of the received RF diode detector is determined by three factors: the RF gain of the measurement system, the RF power of the two signals out of the analyzer and the bias point of the EOM. The gain of the measurement system decreases the DR seriously for the RF loss of this system is as large as 34 dB if no LNA was used. The DR of the measurement system is linear with the gain. Improving the optical power incident on the PD, enlarging the RF power received by the RF diode detector and improving the saturation optical power of the PD can improve the gain. We used an EDFA to amplify the light before the EOM to improve the optical power. The EDFA was before the EOM rather than the PD, which was to improve the noise figure. The high saturation optical power PD and LNA2 after the PD were used to improve the RF power out of the PD.
The measured interference spectral from the RF diode detector results from the interference between the two RF signals propagating in the PMF. Both the slow axis in the output PMF of the EOM and the input end of the tested PMF must be fusion-spliced with each other with 45 0 , and the analyzer must be oriented at 45 0 relative to the eigenmodes of the PMF. The interference visibility will decrease when the principal axis is misaligned, which will cause the optical power of the two optical signals out of the analyzer unequal. The DR caused by the principal axis misalignment can be given as DR = 20 * log cos 2 (45 ± α) cos 2 (45 ± β ) + sin 2 (45 ± α) sin 2 (45 ± β )
Where α is the angle misalignment deviation from 45 0 between the two slow axes of the output PMF of the EOM and the input end of the tested PMF. β is the angle misalignment of the analyzer, respectively. When α = β = 0 0 the interference visibility is 1 with the largest DR. The relationship between the DR and the axis misalignment of the polarization and analyzer is shown in Fig. 6 . Fig. 6 shows that the DR is very sensitive to the axis misalignment from 0 0 to 2 0 . In our measurement, the angle misalignment can be lower than 0.5 0 caused by the fiber arc fusion splicer. In such case, the DR is larger than 30 dB, which has little impact on the measurement precision. The third factor is the bias point of the EOM. When the bias point deviates the quadrature point, large harmonic RF signal will appear, which will decrease the DR in the signal. The bias point control circuit can achieve 60 dB harmonic suppression to assure the DR of the measured signal.
The noise floor of the measurement system would affect the FSR accuracy. The noise source of the RF signal received by the RF diode detector includes thermal noise of the devices, shot noise of the PD, relative intensity noise (RIN) of the light source, intensity noise of the EDFA, and the phase noise of the RF signal generator. In our measurement, the RIN of the light and the intensity noise of the EDFA were the main noise source. In order to improve the figure noise, the LNA1 was used between the RF signal generator and the EOM, and the noise figure of the measurement system was 25 dB. In addition, more accurate FSR can be easily obtained by calculating the FSR of several periods to obtain an average FSR result.
The nonlinear dispersion or birefringence dispersion [16] of the PMF will affect the dynamic range and FSR measurement resolution of the obtained RF interference signal. According to measurement results in reference [16] and [17] , the nonlinear dispersion has no influence on the magnitude and FSR of the interference fringes. The reason is that the wavelength of the RF signal is much longer than optical wavelength, very small nonlinear phase caused by small nonlinear dispersion in PMF won't affect the dynamic range or FSR of the RF interference signal. However, the dynamic range will decrease at high frequency range when the nonlinear dispersion is very large and the PMF length is quite long. In such case, only low frequency data can be used to calculate the beat length for the dynamic range in low frequency is nonlinear dispersion independent. In addition, polarization coupling will cause several modes propagating in the PMF and those RF waves will form multiple interference signals, which can affect the FSR measurement resolution.
From Fig. 2 we know that the DR of the interference spectral is as high as 50 dB even at high RF frequency. The measurement time is determined by the sweeping time of the RF signal generator and the data acquisition time of the DAQ. The total measurement time was about 3s in our measurement. As the two RF signals propagate on the same PMF, the influence of bend, strain, temperature on the PMF won't cause measurement error.
Conclusion
In summary, a microwave photonic interferometric method was proposed to measure the beat length in PMF and a high precision measurement setup was built. The method using the RF between polarization eigenmodes and utilized their interference spectral to retrieve the beat length. Two different lengths of PMF were tested and the experiment results show that this method has a high measurement accuracy with the measurement precision of 0.02 mm. The wavelength dependent beat length result has been measured also and the result agrees well with the theory. The relationship among the measurement precision and the length of the PMF, the precision of the FSR was analyzed in detail. The influence of factors on the FSR precision has been analyzed also.
The method has the merits of high signal-to-noise ratio and rapid measurement time, and it is insensitive to environment fluctuation. The beat length can be obtained by a simple measurement process and wavelength dependent beat length can be measured. The main factor which limits the measurement accuracy is the DR of the interference spectral, the RIN of the light source and the intensity noise of the EDFA.
